Debris flow caused by flooding of a glacier-lake break can result in major disasters in southeast Tibet. Based on field investigation and data analysis, this paper discusses the influences of climate factors on lake break. It is found that the break is inclined to occur after abnormal changes in climate, particularly at the turn from cold-wet weather to hot-dry weather. Debris flows due to glaciers will be more active in future decades.
Introduction
Debris flow induced by glacial lake break has brought about tremendous disasters to lives and properties in southeast Tibet. For example, icefalls occurred widely on June 29, 1983, August 23, 1984, and July 20, 1985, blocking the glacier and forming temporary lakes. All three lakes finally broke and the flood created great debris flows, with peak discharge up to 2950, 5245, and 8195 (m 3 /s), respectively. They blocked the south Sichuan-Tibet highway for 270 days, destroyed 54 bridges, 8hm 2 farmland, 22 houses, and 79 trucks, amounting to a loss of 2 million dollars (Fig.1) . another event is the break of the Guangxiecuo lake, where the resulting debris flow entered the upper Palongzangbu River at a discharge of 1021.4m 3 /s and partially blocked the river, raising the water level up to more than 10m. The flow rushed down, destroying 42km highway, and suspending traffic for 200 days. It also washed out 18 bridges, destroyed 51 houses, and killed 5 persons. The total loss amounted to more than 10 million dollars [1] . Since the event this section has become more and more fragile and suffered from frequent traffic accidents [2] . Glacial lakes are mainly distributed in the rivers of Yaluzangbu, Palongzangbu, Niyang, Boqu, and Pengqu (Fig.2) , and control measures have been taken since the 1980s [3] [4] [5] [6] [7] [8] .
Figure 1:
A debris flow fan in Peilong Gully. The distribution of debris flow induced by GLOFs in Southeast Tibet (excluding the lakes resulting from icefall), [9] : 1-Taco, 2-Qiongbihemaco, 3-Sangwangco, 4-Jilaico, 5-Damenlakeco, 6-Longdaco, 7-Ayaco, 8-Bangeco, 9-Zharico, 10-Cirenmaco, 11-Jingco, 12-Guangxieco, 13-Jialongco, 14-Degaco.
The climate is crucial to the outburst of glacial lakes. Tufnell [10] analyzed more than 50 events in the Alps, finding that over 95% happened between July and September and were concentrated in June and August. Out of the 18 identified events in Tibet, six occurred in August and in the extreme alpine regions of the Himalayas [11] . Climate change may be the cause of outbursts throughout the world. The events in Tibet mainly happened in 1964, when the weather fluctuated greatly between cold and hot; and also in the transition from the cold-wet years of the 1960s to the hot-dry years of the 1970s and 1980s. In particular, abnormal weather may be the direct cause of lake break. It is reported that the event at Guangxiecuo was due to the persistently high temperature and extreme rainstorm.
This paper discusses the climate influence on glacial lake break, and analyses the trend of glacial lakes in southeast Tibet under global warming conditions.
Climate factors
Many factors are influential on the breaking of glacial lakes, including the size and thickness of glaciers, the area and impounded water of the lake, structure and stability of the embankment, and temperature and precipitation. Among them the last two are decisive. In the monsoon climate the summer is warm and rainy in southeast Tibet: this increases the melted water, which enters the lake and raises the water level or even brings about overflow. Heavy rainfall is also important. On the other hand, the melted water converges toward the glacial front and infiltrates into the cracks. It fabricates the substrate and fills the pores. A critical equilibrium occurs when the captured water reaches 0.9 times the original depth. Once the equilibrium breaks, i.e., the shear stress of the front goes beyond the friction between the glacier and the substrate, the front will jump and the glacier splits into pieces of icefalls pouring into the lake. Then the water rises and the wave surges and wallops the moraine dike and finally causes the lake collapse.
The 25 break events display a close relationship to the climate condition. All the events happened between May and September, particularly June and August (Table 1) . Precipitation is abundant in April and July in southeast Tibet, which provides plenty of water for the break in the following months.
Annual variation of climate and glacial lake break
Climate conditions change over months and years, as does the breaking of glacier lakes. Table 1 
Warming and lake growing
While cold-wet weather facilitates growth and advance the glacier, hot-wet and hot-dry weather result in melting and retreat, and therefore increase the number and size of glacier lakes [12] . The regional warming of Tibet in the last 50 years, with remarkable annual fluctuation of rainfall (Figs.8, 9 ), has increased both the number and size of glacial lakes. For examples, the increase is up to 11% and 47%, respectively, for the number and area of glacial lakes in the Boqu River, from 1987 to 2005 (11 lakes with 17.6km 2 in area). In Pengqu, the area has increased by 13% since the 1980s, amounting to 47.5km 2 , and in Dingjie County, the lake has grown by 0. 
Abnormal climate and lake break
In the early 1960s glaciers in Tibet grew widely because of the cold-wet weather. However, they are prone to break as the weather becomes hot and dry. Climate abnormality is particularly related to the lake failure. Abrupt changes in climate occurred in the early 1960s and early 1980s (Table 4) . A comparison between Table 1 and Table 4 indicates that lake failure occurred mainly in the abnormal years, such as the events in 1964, 1968, 1969, and 1970 . The seven occurrences in the 1980s also followed the climate change. Table 4 :
The years of abnormal climate between 1952 and 1995 [13] .
Years of close to abnormal climate Years of abnormal climate Annual variation of glacier lake outburst in southeast Tibet.
Comparing the abnormal years and the break events, a closed relationship appears:
Temperature abnormal year: T=2.2168N+1958.4 (R 2 =0.9902) Break events: T=2.4727N+1958.2 (R 2 =0.9239) where N is the order of break event and T is the corresponding year. The break line has a slope bigger than that of the temperature line, suggesting that there is a lag for the effect of temperature change. Break occurs after the climate change.
Tendency of the glacial lakes
It is expected that, compared with 1990, Tibet will have a rise of temperature of 0.8-1.2C and rainfall of 7-17% by 2030; and the rise will be much higher by 2050. Fig.9 indicates that the temperature has been continuing to rise since 2000. In Bomi County, the temperature reached 9.8C in 2006 and the increase rate is 12.7%; the rate is even as high as 33.5% in Nielamu county, where the temperature in 2006 was 4.9C, while the average before that year was 3.67C. Precipitation in these regions is rising with fluctuation. It is predicted that the runoff of the melted water will increase by 50%, while the glacier area will shrink by half.
The increase of temperature and rainfall, companied with the extreme weather conditions such as rainstorms, will certainly favour breaking of glacier lakes, www.witpress.com, ISSN 1743-3533 (on-line) WIT Transactions on Engineering Sciences, Vol 67, © 2010 WIT Press which will in turn result in debris flow because of the accompanied increase of loose material supplies in the valleys. It is concluded that debris flow due to the breaking of glacier lakes will be more active in the coming decades in southeast Tibet.
On the other hand, the glacier area will decrease with the rise of temperature. When the glacier area shrinks too much the melted water will not be enough to result in a lake break. There is a critical state of glaciers concerning the lake break. Finding the state should be an interesting study for the future.
Proposal for countermeasures
Because the debris flows induced by breaking of glacier lakes are always on a large scale, the normal countermeasures for control, such as the sediment dam and drainage groove, are highly expensive but not sufficiently powerful. So, the focus must be put on controlling the dynamical conditions that facilitate the formation of debris flow and on preventing the break of glacier lakes. Glacier lakes, particularly the end-moraine lakes, are a special kind of dammed lake that is similar to the dammed lakes of landslides and therefore can be treated with the same countermeasures [14, 15] .
There have been various methods treating moraine lakes in the world. The simplest one is to excavate a groove to drain the water and reduce the water level. This has been widely used in treating landslide lakes, such as the dammed lakes in the Wenchuan Earthquake in 2008; and it has been also used in treating moraine lakes, such as in Peru [16] . In addition, to reduce the power of the overflow, dams can be built in the gentle section downstream from the lake.
